Controversy exists over how the magnetic field (MF) enhances the thermal conductivity (TC) of magnetic fluids. We explain the MF enhancement of the ferrofluid TC using four key parameters based on percolation theory. The percolation of magnetic particles is governed by the particle size distribution, particle volume fraction, magnetic dipole-dipole coupling constant, and Langevin parameter. The magnitudes of the coupling constant and Langevin parameter have been used to indicate the possibility of long chain aggregate formation in MF. Given a fixed magnetization, the coupling constant and Langevin parameter are linearly proportional to the particle volume. Larger particles can more easily form long chain aggregates. In addition, chain aggregates form quickly at a higher volume fraction because the particle-particle collision frequency is quadratically proportional to the number concentration, which is proportional to the volume fraction. However, the particle size and volume fraction should be limited to prevent sedimentation or a significant increase in viscosity.
Introduction
Magnetite ferrofluids, in which spherical magnetite nanoparticles coated with oleic acid are well dispersed in an oil phase, have been widely used because of their high dispersibility as well as excellent magnetic properties. 1) Moreover, the thermal conductivity (TC) of magnetic fluids is considered to be essential in some heat exchange applications. Measurements of ferrofluid TC have agreed with Maxwell's mean-field theory.
2) Using a mathematical analogy, Hashin and Shtrikman (1962) proposed that their model of the effective magnetic permeability of macroscopically homogeneous and isotropic multiphase ferrofluids is valid for heat conductivity.
3) Moreover, Hashin and Shtrikman suggested the lower and upper bounds of the effective TC, where the lower bound corresponds to Maxwell's mean-field theory.
3)
The effective TC of the ferrofluids strongly depends on the volume concentration of the particles. To further control the effective TC, magnetic fields (MFs) have been applied to ferrofluids. However, the magnetite ferrofluids did not exhibit any TC dependence under uniform external MFs. 4, 5) On the other hand, many research groups have recently reported that the TC of magnetite ferrofluids can be greatly enhanced by the formation of stable chain aggregates under external MFs.
615) This discrepancy has not yet been clearly addressed.
When MF is applied to ferrofluids, the magnetite nanoparticles in the liquid may form chains via magnetic dipole interactions under the MF. Because the chains align with the field direction, TC and viscosity may become anisotropic. 6, 10, 14) If the heat flux and temperature gradient are parallel in an isotropic medium, TC is a scalar. Otherwise, the medium is anisotropic, and the conductivity is no longer scalar. Likewise, when the direction of the heat flux does not coincide with that of the temperature gradient, TC should be a second rank tensor satisfying eq. (1) in all orientations: 16) q ¼ ÀrT ð1Þ
where q, ¬, and T are the heat flux, thermal conductivity, and temperature, respectively. Heat conduction in homogeneous media is described by Fourier's law with TC as a linear coefficient. To date, the directionality or anisotropy of ferrofluid TC has not been examined in detail.
In this study, we elucidate a potential cause of the discrepancy of the MF enhancement of TC. The effect of magnetic field gradient is investigated by comparing TC under the same magnetic field intensity with and without a field gradient. Finally, we propose that the thermal conductivity tensor under MFs parallel and perpendicular to the temperature gradient vector can be useful to control the directionality of the heat flux.
Experimental Procedure
Magnetite ferrofluids containing oleic-acid-coated magnetite nanoparticles dispersed in kerosene were prepared using a well-known co-precipitation process. 1, 17) The chemicals FeCl 2 ·4H 2 O (Sigma-Aldrich, 99%), FeCl 3 ·6H 2 O (SigmaAldrich, ACS, 97%), NaOH (Kanto, Cica reagent, min. 97%), HCl (Junsei, GR), oleic acid (Sigma-Aldrich), and kerosene (Sigma-Aldrich) were used as received. All chemical solutions were prepared with ultra-high purity deionized water. The prepared samples were centrifuged at 12,000 rpm, corresponding to ³18,000 times gravitational force, for 1 h. The supernatants after centrifugation are very stable against sedimentation. These stable ferrofluids are used in the following measurements of TC.
The TC was measured by varying the magnetic field intensity in both the parallel and perpendicular alignments between the heat flux and magnetic field. The stable ferrofluids enclosed in a TC measuring cell were placed at the center of the MF produced by a Helmholtz coil, which generates a uniform MF inside circular coils. To investigate the effect of the magnetic intensity gradient on the TC, the ferrofluids were placed next to an NdFeB permanent magnet generating a non-uniform MF. Then, the TC was measured at the temperature of 25°C using the transient hot-wire method (Lambda, F5 Technologie, Germany). The time required for each conductivity reading ranges from 15 to 30 s. The resolution of Lambda is «0.5%. Ten repetitive measurements were made at each magnetic field intensity and averaged. The measurement was taken in an equilibrium state unless otherwise mentioned.
The size, shape, and magnetic properties of the nanoparticles were characterized using a transmission electron microscope (TEM, Philips, CM12, Netherlands) and a magnetic property measurement system (Quantum Design, MPMS 5T, USA). The amount of the surfactant layer on the particle surface was measured using a thermogravimetric analyzer (Simultaneous DTA-TG Apparatus, Shimadzu, DTG-60H, Japan). The viscosity of the ferrofluids was measured using a cone/plate programmable viscometer (Brookfield, LVDV-II+ProCp, USA).
Results and Discussion
The synthesized magnetite nanoparticles have a particle size distribution with a number averaged diameter of d p = 10.6 nm and a geometric standard deviation of · = 0.17 ( Fig. 1(a) and 1(b) ). The volume of particles larger than 12 nm is 48% of the total particle volume, while the number fraction is only 29%. The surfactant coating layer on the particles is estimated to be 1.2 nm thick by thermogravimetric analysis. Thus, the apparent diameter of the magnetite particles coated with oleic acid is approximately 13.0 nm on average.
To verify whether ferrofluids prepared in this study follow the mean-field theory, the TC dependence on the particle volume fraction º was investigated and compared with theoretical models (Fig. 2) . The TC is proportional to the volume fraction and increases up to 19.5% at º = 7.2%. Our experimental data agrees well with the Maxwell model 2) and is the same as the lower bound of the Hashin-Shtrikman (H-S) model.
3) The Maxwell model is applicable to a noninteracting dilute suspension without considering interfacial thermal resistance (Kapitza resistance), which is an inevitable phenomenon in a solid/liquid two-phase system. 18) This implies that particle-particle interactions are present at high concentrations to compensate for the reverse effect of interfacial resistance.
The effects of magnetic field magnitude and gradient on TC were investigated using a Helmholtz coil and permanent magnet, respectively. The magnetic field intensity generated with the Helmholtz coil is very uniform and, thus, is considered to show a nearly zero field gradient; however, the MF produced by the permanent magnet quadratically decreases with increasing distance from the magnet, as expected (Fig. 3) . The synthesized magnetite nanoparticles exhibit a superparamagnetic behavior with a saturation magnetization of 60.5 emu/g and coercivity of 1 Oe (Fig. 4) . Because the highest MF is 1,630 Oe for the permanent magnet in our experiment, the magnetization of magnetite nanoparticles during the conductivity measurements are less than 51.0 emu/g, meaning the particles are not fully magnetized.
The anisotropic TC induced using an external force was examined by applying MFs to the 7.2% ferrofluid using a Helmholtz coil (Fig. 5) . The Helmholtz coil generated a fairly uniform MF inside the coil; thus, MFs could be applied in parallel and perpendicular directions to the temperature gradient. The TC enhancement compared with that under no MF is measured at +1.0% and ¹0.2% at the highest magnetic field intensity in the parallel and perpendicular alignments, respectively. This slight change upon the application of an external magnetic force is close to the uncertainty of the measuring instrumentation («0.5%), and thus it is hard to conclude the effect of magnetic force on TC. The highest MF induced by the Helmholtz coil is 612 Oe, and the magnetization would reach 40.0 emu/g (Fig. 4) . The effect of the magnetic field gradient on TC was investigated by applying MF using an NdFeB magnet instead of the Helmholtz coil. This setup induces a much stronger field intensity as well as magnetic field gradient (Fig. 3) . The TC is greatly enhanced for the parallel alignment between the magnetic field and temperature gradient as the magnetic field intensity increases, especially at higher particle loadings ( Fig. 6(a) ). On the other hand, in the perpendicular alignment, the enhancement is less than 0.5% at º = 7.2% ( Fig. 6(b) ). Because of the hot-wire cell design, the maximum magnetic field intensity that can be applied in the perpendicular alignment is restricted to 633 Oe. The TC enhancement by magnetic field application was found to be insignificant in the perpendicular alignment up to a field intensity of 633 Oe. This is similar to the case of the parallel alignment at the same field intensity; at a high field intensity of 1,630 Oe, however, a significant TC increase of 26.3% (i.e., ¬ eff /¬ f = 1.51) compared with that of ferrofluid TC in the absence of magnetic field was obtained. Hence, we could not confirm with our current experimental setup whether the magnetic field enhances TC in the perpendicular direction. However, an increase in ferrofluid TC in the perpendicular alignment is improbable in accordance with percolation theory discussed below. According to the percolation theory, 615) the lengths of magnetic nanoparticle chains increase with increasing the magnetic field. The long chain aggregates aligned in the parallel direction with temperature gradient behave like one-dimensional objects or nano-rod bridges for heat transport with a higher TC than welldispersed individual particles (Fig. 7) , and thus can enhance heat transfer only in the parallel direction much more effectively. On the other hand, in the perpendicular direction, heat does not propagate through a particle-to-particle path within chain aggregates because there is no temperature gradient between the particles; this arrangement is rather considered to be similar to well-dispersed aggregation-free particles. As a result, the fact that the perpendicular alignment does not enhance TC agrees with other studies. 4, 6, 10) For º = 7.2% and parallel alignment, the conductivity enhancements compared with the base fluid kerosene are 18.8% and 19.9% at similar magnetic field intensity: H = 633 Oe and H = 612 Oe induced by the NdFeB magnet and Helmholtz coil, respectively. An enhancement of less than ³1.0% may be regarded to fall within the measurement error bound. Because of the superparamagnetic nature of magnetite nanoparticles, the external MF induces a magnetic moment in individual nanoparticles and makes the particles move immediately in the direction of the increasing field. The conductivity measurements are made within 15 to 30 s, which is much larger than the time scale of MF-induced motion. 19) This accounts for the similar thermal conductivities measured using two magnetic field sources, excluding the possible contribution of the field-gradient-induced translational motion of the particles. Therefore, the effect of the magnetic field gradient appears to be insignificant in our present study.
To explain the controversy over the effect of MF between previous studies, we introduce two dimensionless parameters that are commonly used in the investigation of ferrofluid behavior under MF. The total energy E p of a uniformly magnetized spherical particle dispersed in a hydrophobic medium is considered as follows:
where E thermal , E vdW , E steric , E gravity , E dipole , E magnetic represent the thermal energy, van der Waals interaction energy between particles, steric repulsion energy, gravitational potential energy, magnetic dipole-dipole energy, and the energy resulting from orientation of particles in the external MF, respectively. 1) As discussed above, the TC enhancement of ferrofluids arises by aggregation of magnetic particles, called percolation or clustering. The E dipole and E magnetic energy terms are responsible for this aggregation. The influence of these terms is examined by introducing dimensionless parameters: the dipole coupling constant and Langevin parameter ¡, defined by normalization of the thermal energy, E thermal = kT,
where k, ® 0 , M, V, m, and H represent the Boltzmann constant, permeability of free space, magnetization, particle volume, magnetic dipole moment, and magnetic field intensity, respectively. 1) For < 1, the thermal energy is dominant over the magnetic dipole interaction and prevents the particles from forming stable chain aggregates. In the case of a uniform MF, the coupling constant and Langevin parameter are 0.3 and 1.9, respectively (Table 1) . According to simulation results in the previous studies, 20) nanoparticle chains are continuously breaking and recombining with other chains when < 4.0. For > 4.0, the dipole-dipole interaction between contacting particles leads to the formation of long chains even in zero MF, and the long chains are better aligned along the magnetic field direction under a higher field intensity. This magnetic particle behavior has also been experimentally demonstrated.
21) The Langevin parameter does not significantly affect the chain length. 20, 22) None of the calculated values of the dipole coupling constant are larger than 1.0 ( Table 1 ). The formation of long chains is not expected for this small dipole interaction system. However, non-magnetic nanoparticles such as alumina or copper oxide have been reported to form chain aggregates, thus enhancing TC. 12, 15) Another key parameter that address the formation of aggregates is the particle volume fraction because nanoparticles form aggregates more quickly at higher particle loadings. 8, 23, 24) Excluding the study of Younes et al., 5) the particle volume fraction in all previous studies is larger than 5%. As a result, highly concentrated nanoparticles in an external MF may form rather short chains, and they would contribute to the conductivity enhancement in the case of a larger Langevin parameter system. All of the calculated values of the Langevin parameter are larger than 1.0 except for the study of Philip et al. 10) According to Younes et al., 5) the magnetite nanoparticles coated with a 
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surfactant did not exhibit conductivity enhancement compared with other cases. Our experimental results clearly show that the TC is enhanced at a high particle concentration of º = 7.2% when ¡ = 0.6 and = 6.5 (Table 1) . Given a polydisperse nanoparticle size distribution, the larger particles play a more important role in chain formation because they are more easily magnetized and oriented by the MF. This accounts for the appreciable initial susceptibility and promotes internal chain orientation and chain lengthening. Upon the formation of chain aggregates, the particles dispersed in ferrofluids exhibit higher magnetization than the Langevin magnetization of ideal paramagnetic particles. 1, 20) According to a recent model proposed by Mendelev and Ivanov, 22) the susceptibility » is quadratically dependent on the particle loading and coupling constant as follows:
where » L ¼ 8º is the Langevin initial susceptibility. This relation also helps explain our higher enhancement despite a rather small coupling constant. However, it should be noted that a thicker surfactant layer reduces the dipole coupling constant. Both the magnetic moment of particles and the external magnetic field intensity play an important role in conductivity enhancement. A higher Langevin parameter provides better directionality of the heat conduction, which provides an increased enhancement in the parallel direction with the temperature gradient as discussed in percolation theory. However, we cannot explain why Philip et al. 10) obtained such a high enhancement considering the smaller values of both the coupling constant and Langevin parameter. Moreover, our hypothesis does not explain why the study of Popplewell et al. shows no enhancement even though the particle properties and two relevant parameters appear to be nearly identical in both studies ( Table 1) . As discussed above, the formation of chain aggregates in ferrofluids strongly depends on larger particles. 5, 14) Thus, we speculate that the sample magnetite nanoparticles used in the Popplewell et al. study had a much narrower size distribution than our particles, implying a lower probability of chain formation due to a lower magnetic susceptibility. However, large aggregates, e.g., a micrometer range in size, tend to easily settle because of gravity and thus reduce the TC to that of the base fluid. 8, 11, 25, 26) To investigate the transient behavior of magnetic particles in an external MF, TC was measured at a certain time interval until equilibrium was reached (Fig. 8) . At º = 7.2%, the initial increase in the TC rate is very high, and the enhancement gradually reaches equilibrium at a slower rate compared with those at lower particle loadings. It takes approximately 15 min to reach the equilibrium state, while it takes less than 10 min for º¯3.0%. The initial high rate occurs because the aggregation time constant is inversely proportional to the particle volume loading. 8) As the aggregation proceeds, the viscosity quickly increases (Fig. 9) owing to the formation of long chain aggregates. 24, 27) The increased viscosity limits particle movement as well as The value of magnetization at the corresponding magnetic field intensity of each study is obtained by interpolating the magnetization values of our measurement. All nanoparticles were coated with a surfactant layer. * 2 Thermal conductivity was measured in the parallel alignment between magnetic field and temperature gradient. The data represent changes in ferrofluid TCs under magnetic field relative to those without the field. *
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The magnetic field was applied using a Helmholtz coil. *
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The magnetic field was applied using an NdFeB magnet. the aggregation rate because the aggregation time is proportional to the viscosity. 8) This counteracting effect may slow the aggregation rate in the later period. An increase of 62.2% in the viscosity, which is higher than that predicted with the model suggested by Rosensweig, 1) may be due to the formation of longer chains under an external MF.
In our experimental configuration, the conductivity should be symmetric in the plane perpendicular to the magnetic field direction. For hexagonal or tetragonal crystals, TC can be defined with two components for temperature gradients parallel and perpendicular to the c-axis. 16) Similarly, because the colloidal particles that are macroscopically homogeneous and isotropic may be assumed to exist in a close-packed arrangement, especially at high particle loadings, 1) the ferrofluid in MF has the same directionality in the conductivity as solid crystals. Then, the TC tensor is reduced to a diagonal tensor.
where ¬ 0 and ¬ 90 represent the TC in parallel and perpendicular alignments of the magnetic field to the temperature gradient, respectively. The two components correspond to the conductivity measured as a function of magnetic field intensity, as shown in Fig. 6 . Now, the heat flux through any given temperature gradient direction can be calculated from the experimental data using eq. (1).
Conclusion
Employing four important parameters, we have elucidated whether magnetic field enhancement of the thermal conductivity will occur. The enhancement of ferrofluid TC in magnetic field is due to percolation of magnetic particles, which can be explained by four parameters: particle size distribution, volume fraction, dipole coupling constant, and Langevin parameter. The latter two parameters can be used to model the formation of long chain aggregates and their strengthening toward the MF direction. For ferrofluid stability against sedimentation, magnetic particles should be smaller than about 15 nm. 13) This size requirement limits their magnetization because the initial susceptibility can be modelled as a sixth-level polynomial of particle size (eq. (5)). Given a fixed magnetization, the coupling constant and Langevin parameter are linearly proportional to the particle volume (eq. (3) and (4)). Therefore, without some larger particles in the system, the stable formation of long chains of particles is difficult. Although the magnetization is included when determining the coupling constant and Langevin parameter, these two parameters are not based on particle aggregates but on individual particles. This explains why these two parameters are insufficient to clearly explain the enhancement mechanism of ferrofluids in MF. Thus, the inclusion of the volume fraction is crucial in the framework of the enhancement mechanism. In fact, the number of particles dispersed in the medium is an important parameter because the collision frequency between particles is proportional to the square of the number concentration; 28) the number concentration is directly proportional to the volume fraction. In addition, the formation of aggregates can be assessed by consulting the variation of the viscosity. The viscosity change under MF will provide more information supporting the directionality of TC enhancement.
We conclude that both the chain-like structure of nanoparticle aggregates and their high local density in ferrofluid are required to enhance the thermal conductivity. In addition, the orientation of the magnetic field may play a decisive role in the substantial increase in heat conduction. At a lower particle loading, it should be hard to form the chain-like structures with a high local density. And a lower magnetic moment and field intensity would not result in the aggregation of magnetic nanoparticles. Therefore, the enhancement of ferrofluid TC can be accomplished for high magnetic-moment nanoparticles at a high volume fraction under a strong magnetic field.
The effect of the magnetic field gradient appears to be insignificant in static configurations because the ferrofluids behave like viscoelastic fluids before the constituting particles are fully aggregated. The time scale of the translational motion induced by a non-uniform magnetic field is much smaller than that of the aggregation. This explains why many previous studies disregarded the translational motion effects of magnetite nanoparticles.
Because stable ferrofluids are macroscopically homogeneous and isotropic, we suggested a thermal conductivity tensor for ferrofluids in MF. The conductivity tensor should be useful for determining heat flux in heat exchangers situated in arbitrary temperature profiles. Because the conductivity tensor reveals the directionality of chain aggregates, it could also be used for controlling the polarizability of ferrofluids in MF.
